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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

RESEARCH MEMORANDUM

EFFECT OF CERTATIN COMBINATICNS OF WALL CONTOURING AND DESIGN EXIT
VELOCITY DISTRIBUTION ON PREDICTION OF TURBINE-NOZZLE MASS FLOW

By Warner L. Stewart, Warren J. Whitney, and Thomss R. Heaton

SUMMARY

" An investigetion was conducted to determine if certain combinations
of design nozzle-exlt velocity distribution and wall contouring, employed
t0 increase annulus area, can alter the three-dimensional flow character-
istics such that nozzle mass flow cannot be predicted by ordinary two-
dimensionsl design techniques. Four nozzle configuratlons with different
wall contours and velocity distributions were analyzed in the axial-radial
plene (axial symmetry wag assumed) to determine the effect of the three-
dimensional flow characteristics on the maximum mass flow. The accuracy
of the method of analysis was established by comparing the maximum mass
flow obtained by analysis with the maximmm obtained experimentally.

The results of the anaslysis indlcated that two-dimensional design
technigues were insdequate for use in predicting mass flow for the nozzle
configuration designed for a nontwilisted rotor and having e convex inswept
inner wall. It was therefore concluded that certain combinations of
nozzle-exlit velocity distribution and wall corntouring employed to vary
ennulus ares can alter the three-dimensional flow characteristics to &
point where two-dimensional design techniques are inadequate for predict-
ing mass flow. Consideration of the three-dimensional flow characteris-
tics must therefore be included in the design of nozzles to insure satis-
factory turbine performance.

INTRODUCTION

The increased capabilities of compressors in developing high pres-
sure ratlos and passing high specific mass flows and the resulting
increase in the severity of turbine requirements indicate that single or
multistage turbines designed to power these compressors may in many
instances employ nozzles within which there is a divergence of annulus
ares.

Present-day turbines sre usually designed on a two-dimensional basis.

However, if a substantisl dlvergence in annulus area in the nozzles is
required, it becomes questionable es to whether or not the nozzle mass
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flow and the exit velocilty distribution resulting from equilibrium
requirements can be predicted by the conventional two-dimenslional design
procedures in which simple radial egquilibrium is assumed at the entrance
end exit. If the nozzles were to pass more than deslign mess flow, the
turbine might reach limiting loading before design specific work could
be obtalned. If the nozzles were to pass less than design mass flow,
the point of maximum turbine efficlency might be moved to a relatively
unimportant position on the performance mep. Also, this condition couwld
cause mismatching between the compressor and the turbine in a turbojet
engine and might force the compressor operation into the surge regilon.
In either case, the velocity distribution might be considerably different
from design, thus introducing poor angles of incidence and additional
losses. T

A mess-flow problem of-this type occurred in the investigation of a
turbine rotor utilizing a diverging annulus area designed on a two-
dimensional basis (ref. 1). A three-dimensional analysis of the flow
through this turbine rotor (ref. 2) indicated that the rotor would not
pass the design mass flow. Thls was confirmed by the performance of
thile turbine as reported 1n reference 1, The results of the three-
dimensional analysis spplied to another turbine rotor designed for the
same gpplication indicated that design mess flow could be passed, and
thils was experimentally verified (ref. 3). Thus, it was concluded that
the method of analysis (ref. 2) although spproximate is adequate in
determining the mass flow characteristics of turbine rotors.

The purpose of this investigatlion was to determine if certsasin com-
binations of nozzle-exit-velocity distribution and wall contouring can
alter the three-dimensional 'flow characteristics such that the nozzle
mess-flow cannot be predicted by two-dimensional design techniques. As
mentioned previously, the effect of the three-dimensional flow chasracter-
istics on the actual velocity distribution at the nozzle exit can also be
important, as variations from design can introduce losses due to poor
angles of Incidence. However, this investigation is restricted to the
mass-flow study. Two nozzles having inswept inner walls, one degigned
for free-vortex flow and one designed for a nontwisted rotor, were inves-
tigated by the analytical method of reference 2, as well as experimen-
tally, tc determine their meximum mass flow. The design exit velocity
distribution for & nozzle designed for s nontwisted rotor has the charac-
teristic of the product of the tangentlal component of velccity and wheel
speed increasing from hub to tip as compared with a constant value for
free-vortex designs. This ircrease results in an inward shift of mass
flow as compared with an outward shift for free-vortex designs. For
comparatlve purposes, two other nozzle configurations with cylindrical
walls, one a free-vortex design and the other deslgned for a nontwisted
rotor, were alsc investigated. The accuracy of the analytical method
will be shown by comparing the results of the anslytical investigation .
with experimental results.

2898
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SYMBOLS
The following symbols are used in this report:
8o Veloelty of sound at a Mach mumber of unity
K constent
r redius, in.
Ty tip radius, in.
U blade velocity, £t/sec
Va tangential velocity, ft/sec
Vg axial velocity, ft/sec
p density, 1b/cu ft
Superscript:
! total state
DESCRIPTION OF NOZZLES INVESTIGATED
The four nozzle configuwrations Iinvestigated herein wlll be desig-
nated A, B, C, and D. The following te&ble summarlizes the importent
characteristics of each nozzle:
Desig- Type of velocity Wall configuration |Inlet |Outlet
nation distribution hub - hub-
radius|radius
ratio |ratio
A Free-vortex design Cylindrical outer wall| 0.70 0.68
Uv,,, constant Convex insweep of
inner wall
B Nontwlsted-rotor design Cylindricel outer wall| 0.70 0.67
Uv,,, increasing from hub | Convex insweep of
to tip inner wall
C Free-vortex design Cylindrical inner and | 0.70 | 0.70
Uv,,; constant outer walls
D Nontwilsted-rotor design _ | Cylindrical inner and 0.78 0.78
UV,,, increasing from hub outer walls
to tip
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The design procedure for nozzle A is presented in reference 3 and a
sketch of the blade sections is shown in figure l(a). Nozzle B was
desligned for the same gpplication as nozzle A but with nontwisted-rotor
velocity disgrams (see ref. 4). The method of obtaining the blade shapes
wes the same as that used for nozzle A. The blade sections for nozzle B
are shown in figure l(b). Nozzle C was & nozzle blade from a commerclal
Jet engine, and nozzle D was designed for the twbine reported in refer-
ence 5. The blade shapes of these two nozzles are shown in figures 1(c)
and 1(d), respectively.

METHOD COF ANALYSIS

An analysis of each nozzle configurstion was made usling the method
presented in reference 2, which takes into account three-dimensional flow
effects, to determine the maximum mess flow that conld be passed. The
primary essumptions made in the analysis are:

(a) Isentropic flow
(b) Axially symmetric flow
(c) Flow follows blade mean canmber surface

The equations presented in reference 2 are valid for elther a rotating
or a statlonary blade row. 1In the analysls of the four nozzle configura-
tions, the wheel-speed terms were merely set equal to zero.

The streamline estimate was made for a given nozzle; the design
mess-flow distribution upstream and downstream of the nozzle was used to
divide the mess flow into equal parts and to falr streamlines between
corresponding points. In a complete analysls, the streamline configura-
tion would be modified in an iterstion process to maintalin continuity
between streamlines. However, in the analysis of the nozzles, only the
orlginal streemline assumption was used, because the meximum mass flow
obtained in the first trial solution is sufficiently accurate (ref. 2).
The estimated streamlines and the resultant choking orthogonal (orthog-
onal that 1limits the mass flow) for the four nozzles are shown in fig-
ure 2.

APPARATUS AND INSTRUMENTATION

The spparatus and Instrumentetion used in the investigation of
nozzles A and B are the same as described in references 1 or 3 except
that the turbine rotor assembly was replaced by a wood falring piece
which was contoured approximately the seme as the rotor hub. The experi-
mental setup used to Investigate nozzles C and D is described in

<E———
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reference 5. The performance of nozzles C and D was obtalined from the
over-all turbine investigations, the results of which indicated that
both nozzles were choked at the turbine-deslgn operasting conditions.

The accuracy of the measured mass flow ls estimated to be within
*Oool.

RESULTS AND DISCUSSION

The four nozzle conflgurations were analyzed to determine the effect
of the design exit velocity distribution and wall contouring on the noz-
zle mass-flow characteristics. Before the results of the analysis are
discussed, the accuracy of the method of analysis will be demonstrated
by a comparison of the maximum mass flow obtained analytically with that
obtained experimentelly.

Comparison of Analytical and Experimentel Values of Mass Flow

The experimentally obtalined values of maximm mass flow and the
values of maximum mass flow computed from the anaelysis for the fowr noz-
zles are compared 1n column 1 of table I. The ratios of the maeximum mess
flows can be considered flow coefficients, as isentropic flow with no
boundary-layer effects is assumed in the analysis, When a flow coeffi-
cient of 0.97 (which can be considered a representetive value for tur-
bine nozzles) is applied to the analytically obtained value of maximum
mass flow, the experimentsl maximum mess flow can be predicted to within
1 percent. Thus, the analytical method gave relisble values of maximm
mass flow for the nozzles with contoured inner walls as well as for the
nozzles wlth straight cylindrical walls.

Results of Analysis

Nozzle A, ~ The streamline assumption and the choking orthogonal
used in the analysis of nozzle A is shown in figure 2(a). The effect of
the insweep of the lnner wall was found to offset the outward shift in
mass flow (characteristic of free-vortex design) such that the choking
orthogonal was positioned very close to the tralling edge over most of
the blade span. The results of the analysis including the 0.97 flow
coefficient indicated that a maximum of 103 percent design mass flow
could be passed for nozzle A (column 2, table I). At design total-to-
statlic pressure ratio across the nozzles, design mass flow was passed
(column 3, table I) as this nozzle was designed to operate at slightly
less than choking flow.
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There are two reasons why the two-dimensional design technique wes
sufficient as far as obtalning design mass flow for this nozzle 1s con-
cerned: T - : '

(a) The three-dimensional choking orthogonal was located close to
the tralling edge over most of the blade span, being Inside the passage
only near the inmner wall. Thus, the three-dimensional flow area
approsched the two-dimensional deslign ares closely.

(b) Nozzle A was designed to pass the greatest specific mass flow
near the tip as indicated in flgure 3 which is based on the design radiel
variation of specific mass flow at the nozzle exit. The area under the-
curve 1s proportionsl to the nozzle mass flow. Because the Ineffective
flow area occurred at the inner wall where the nozzle was designed to—
pass the least specific mass flow, the effect of the decreased flow area
on the mass flow was small,

Nozzle B. = The streamline assumption and the resultant choking
orthogonal for nozzle B are shown in figure 2(b). The effect of the
insweep of the inner wall is seen to combine with the inwerd shift of
mass flow (characteristic of nozzles designed for nontwlsted rotor)
such that the choking orthogonal shifted considerably inslide the nozzle
over most ofthe blade span. The results of the analysis including the
0.97 flow coefficlent indlicated that the maximum mass flow of only
96 percent design could be passed (column 2, table I). This nozzle was
also designed to operate below the choking condition at the design total-
to-static pressure ratio, end it was found experimentally that only
94 percent design mase flow was passed (column 3, table I).

The maximum mass flow was also calculated using the two-dlmenslonal
design throat area; choking at—=all radii and the 0.97 flow coefficlent
were aggumed. The results of this calculation indlcased a maximum mags
flow of 101 percent deslign. A comparisor between this result—and the
result of the three-dlmensional analysis lllustrates the effect of the
three-dimenslonal flow characteristics on the nozzle maximum mass flow.

There are two reasons why the two-~dimenslonal design technlque was
not satisfactory as fer as predicting design msss flow 18 concerned:

(e) The position of the choking orthogonal caused by the inner-wall
contour and the luward shift of mass flow caused the three-dimensionsl
flow area to be conslderably less than the two-dimensional design flow
ares.,

(b) Nozzle B was designed to pass the greatest specific mass flow
near the inner wall (see fig. 3); hence, the loss in flow area at the
inner wall represented a considersasble loss in mass flow from design.

Nozzles C and D. - The streamline assumptions and the resultant
choking orthogonals for nozzles C and D are shown in figures 2(c) and
2(d). It can be seen that the choking orthogonal for nozzle D did not

GURERNNE
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lie at the tralling edge but lnslde the blade over the entire span. The
location of the choking orthogonel can be attributed to the fact that the
blade thickness Increased from the trailing edge faster than the cosine
of the mean camber angle decreased; as a result, flow area was minlmum
inside the blade passage (fig. 2(d)). The results of the analysils
including the 0.97 flow coefflclent Indicated 99 and 101 percent design
mass flow could be passed for nozzles C and D, respectively, (column 2,
table I). Thus, the maximm mess flow of approximately design is pre-
dicted for both nozzles.

Discussion

The analytical results presented herein, which were verified by
experimental findings, Have Indicated that, for certain types of nozzles
which employ an incressing ennulus area from entrance to exit, a conven-
tionsl two-dimensional design technlique may be inadequate with respect
to obtaining design mass flow. A comparison of the results obtaeined with
the four nozzles shows that the velocity distribution as well as the
inner wall curvature contributes to the three~dimensional choking effect.
For a wheel-type nozzle (V,, = Krl) with the same type of inner wall cur-

vature as nozzles A end B, the mass flow deficiency should be greater
than that obtained for the nontwisted-rotor design, hecause the radial
inwerd shift of mass flow would be grester. In this case, the mass flow
of the nozzle could not be predicted by two-dimensional techniques
because the convex inswept inner wall and the radlal Ilnward shift of

the mass flow would cause the choking orthogonal to occur well within

the nozzle passage at the Inner wall, thereby reducing the effective flow
area. . .

This same effect could occur for a vortex-design nozzle (Vu = Kr-1)
or a super-vortex design (Vu = Kr~2) that employed a cylindrical inner

wall and a convex oubtswept outer wall. The combination of the wall cur-
vature and the radisl outweard shift of mass flow might cause the choking
orthogonal to occur within the nozzle passage at the outer wall and
reduce the effective flow area.

The analytical anhd experimental results obtained with nozzles C
and D can be compared to show the effect of radilal mass-flow shift for
cylindrical-walled nozzles. From these results, 1t would sppear that,
regardless of the type of wveloclty distribution employed and the result-
ing radiel mass-flow shift, conventional two-dimensional design tech-
niques should be adequate with respect to predicting the mass flow for
cylindrical-walled nozzles,

It must be remembered that the analytical method described herein is
useful only in obtaining the maximum mass flow. If the nozzles are
designed to choke, the analytical value of maximum msss £flow corrected
for the 0.97 coefficient can be compared directly with the design mass
flow to determine whether or not the nozzles will perform satisfactorily
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as far as mass flow is concerned, If the nozzles are not designed to
choke, the anslyticel results can be used only as a gulide in determining
if large devliations in mass flow from design will occur.

SUMMARY OF RESULTS

Four turbine nozzle configurations were investigeted by three-
dimensional snslysis and experimentally to determine 1f certain combina~
tions of design nozzlé-exit velocity distribution and well contouring
can alter the three~dimensional flow characteristics such that the mass
flow cannot be predicted by two-dimensional design procedures. The
results can be summarized as follows: '

1. Two-dimensional design techniques were found to be satisfactory
for the free-vortex design with the convex inswept immer wall as far as
mess flow 1s concerned. The three-dimensional anslysis indicated that
the outward shift of the mass Fflow balanced the effect of the insweep of
the immer wall such that the choking orthogonsl occurred very close to
the trailing edge over most of the hlade span.

2. Two-dimensional design techniques were found to be unsatisfactory
for predicting the mass flow of a nozzle designed for a nontwisted rotor
wlth a convex inswept inner wall. This fact—could be atitributed to the
combination of the inward shilft of the mass flow and the effect of the
insweep of the 1nner wall. The choking orthogonal was located consider-
ably upstresm of the trailing edge of the blade; thus, the mass flow was
considerably less than that predicted by two-dimensional techniques.

3. Two-dimensional design techniques were found to be adequate with
respect to predlcting the mass flow for both the free-vortex and the
nontwisted-rotor nozzles with cylindrical walls, although the choking
orthogonal for the nontwisted-rotor design was found in the analysis to
lie within the nozzle passsage.

4, The maximum mass flows obtained by analysis including = flow
coefficient of 0.97 were within 1 percent of the experimentally obtained
maximum mass flows for all four nozzles.

CONCLUSION

From the experimental and analytical results presented herein, it
can be concluded that certsin combinations of design nozzle-exit veloc-
ity distribution and wall contouring, employed to vary the annulus srea,
can alter the three-dimensional flow characteristics to a polnt where

2898
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two-dimensional techniques sre inadequate for predicting mass flow.
Consideration of the three-dimensional flow characteristics must there-
fore be ilncluded in the design of nozzles to insure satisfactory turbine

performance.

Lewis Flight Propulsion Laboratory
Nationsl Advisory Committee for Aercnautics
Cleveland, Ohio, April 16, 1953
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TABLE I. - COMPARISON OF DESIGN, EXPERIMENTAL, AND ANALYTICAL
MASS-FIOW VALUES
Nozzle | Ratlo of maximum Ratio of maximum Mags flow at

me.ss flow obtalned
experimentally to
maximum mess flow
obtained by analysis

mess flow obtalned
by analysls inciud-

ing 0.57 flow coef-

ficient to design

design total-
to-static
pressure ratlo,
percent design

mass flow
A 0.97 1.03 100
B .96 .96 94
c .98 .99 100 "
D .97 1.01 100
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Hub, r/ry = 0.68

Mean, r/ry = 0.84

Tip, r/rt = 1.00

(a) Nozzle A.

Flgure 1. - Nozgle-blade passages and shapes.
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Hub, r/ry = 0.67 rfry = 0.78

r/rt = 0.89

(b) Nozzle B.
*:EEE;;’

Flgure 1. - Continued. Nozzle-blade passages and shepes.
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Hub, r/ry = 0.70

Mean, r/r; = 0.85

Tip, r/rt = 1.00

(c) Nozzle C. W

Figure 1. - Continued. Nozzle-blade passages and shapes.
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Tip, r/ry = 1.00

(d) Nozzle D. “{:E§§§;;?

Figure 1. - Concluded. Nozzle-blade passages and shapes.
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(a) Nozzle A.

— —-— — Chokling orthogonal
———— Streamline
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(t) Nozzle B. W

Flgure 2. - Slde view of nozzles showing position of
estimated streamlines and resultant choking orthogonal.
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(c) Nozzle C.

— — —-— Choking orthogonal
—— —— Streamline
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(d) Nozzle D.

FPlgure 2. - Concluded. Side view of nozzles showling posiiion
of estimated streamlines and resultant choking orthogonal.
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Figure 3. - Radlal mass-flow distributlon at nozzle exit for
nozzle A (free-vortex design) and nozzle B {nontwisted-

rotor design).
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